Photoemission from buried interfaces in SrTiOa/LaTiOs superlattices 
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We have measured photoemission spectra of SrTiOa/LaTiOs superlattices with a topmost SrTiOa 
layer of variable thickness. Finite coherent spectral weight with a clear Fermi cut-off was observed 
at chemically abrupt SrTiOa/LaTiOa interfaces, indicating that an "electronic reconstruction" oc- 
curs at the interface between the Mott insulator LaTiOs and the band insulator SrTiOs. For 
SrTiOg/LaTiOs interfaces annealed at high temperatures (~ 1000°C), which leads to Sr/La atomic 
interdiffusion and hence to the formation of Lai-^SrjiTiOa-like material, the intensity of the inco- 
herent part was found to be dramatically reduced whereas the coherent part with a sharp Fermi 
cut-off is enhanced due to the spread of charge. These important experimental features are well 
reproduced by layer dynamical-mean-field-theory calculation. 

PACS numbers: 73.20.-r, 79.60.-i, 79.60.Jv, 71.27.-|-a 



Strongly correlated electron systems, especially 
transition-metal oxides, have been the subject of numer- 
ous studies because of the variety of attractive behaviors 
including metal- insulator transition (MIT), spin-charge- 
orbital ordering and high-temperature superconductiv- 
ity 1]. On the other hand, heterostructures consisting 
of two different compounds have been extensively inves- 
tigated for semiconductors because of fundamental in- 
terest in interfaces as well as of their technological im- 
portance. Because of the recent development in oxide 
thin film fabrication, atomically controlled heterostruc- 
tures of transition- metal oxides have become available. It 
has therefore become important to obtain the experimen- 
tal information about the electronic structures of those 
oxide interfaces to understand and to control the physi- 
cal properties of the oxide interfaces. Recently, Ohtomo 
et al. J2J have made an atomic-resolution electron-energy- 
loss spectroscopy study of one to two layers of the Mott 
insulator LaTiOa (LTO) embedded in the band insula- 
tor SrTiOa (STO), and found that Ti 3d electrons are 
not completely confined within the LTO layer but are 
spread over the neighboring STO up to ^ 2.5 layers in 
spite of the chemically abrupt interfaces. Here, LTO has 
the d^ configuration and shows antiferromagnetism below 
T/v '- 140 K 3], while STO has the d° configuration, i.e., 
the empty d band. Lai-^^Sr^^TiOs (LSTO), the pseudo 
binary alloy of LTO and STO, is a paramagnetic metal in 
a wide composition range of 0.08 < x < 1 4,^. Okamoto 
and Millis 6_,2\ have studied the spectral function of such 
systems by a model Hartree-Fock and dynamical-mean- 



field-theory (DMFT) calculation and predicted a novel 
metallic behavior at the interface between the two insula- 
tors, which they call "electronic reconstruction". Popovic 
and Satpathy ^] have shown by the LDA -I- U method 
that a quantum well with a wedge-shaped potential is 
formed in such a system and that its electronic structure 
can be understood in terms of the Airy- function- localized 
electrons distributed out of the LTO layer. 

To gain further insight into the unique electronic struc- 
ture of the interfaces, information about the electronic 
density of states near the Fermi level (Ep) is essential 
since it is a fingerprint of the metallic behavior. Photoe- 
mission spectroscopy (PES) is an ideal tool to obtain such 
information, but the short mean-free path of photoelec- 
tron has generally prohibited access the interfacial region 
buried in the sample. In this work, we utilized the fact 
that STO is an n-type semiconductor and is "transpar- 
ent" between Ep and the O 2p band maximum (^ —3 
eV below Ep) and studied STO/LTO heterostructures 
with thin enough STO overlayers on top of the outermost 
LTO layers. We were thus able to take PES spectra of 
STO/LTO interfaces in various heterostructures and to 
gain insight into the different electronic structures at the 
interfaces. 

We studied STO/LTO superlattice films grown on 0.05 
wt% Nb-doped STO (OOl)-oriented single-crystal sub- 
strates using the pulsed laser deposition (PLD) tech- 
nique |3|- A NdiYAG laser was used for heating the sub- 
strates. The STO substrates were wet-etched to obtain 
a regular step-and-terrace structure of Ti02-terminated 
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FIG. 1: (Color online) Schematic views of the SrTiOs/LaTiOs 
superlattice samples (A), (B), (C), and (D). Growth temper- 
atures are also indicated. 



surfaces [l^- The films were grown on the substrates 
at an oxygen pressure of 10~^ Torr using a KrF ex- 
cimer laser (A = 248 nm) operating at 2 Hz. The laser 
fluency to ablate the STO single-crystal and La2Ti2 07 
polycrystalline targets was ~ 2 J/cm^. The film growth 
was monitored using real-time reflection high-energy elec- 
tron diffraction (RHEED). Schematic views of the fab- 
ricated thin films are shown in Fig. ^ The substrate 
temperature was 1000°C during the deposition of the 
[(STO)6/(LTO)2]n superlattices [samples (A)-(C)]. Af- 
ter 9 periods of (STO)6/(LTO)2, 1 layer of STO was 
deposited for sample (A) at the same temperature. The 
films were cooled to 500°C after superlattice deposition 
and then another (STO)„^, i.e., STO cap [uc = 1 for 
sample (A) and (B), while Uc — 2 for sample (C)], was 
deposited. Finally the films were annealed at an atmo- 
spheric pressure of oxygen at 500 °C for 30 min to com- 
pensate for oxygen loss in the thin films and the sub- 
strates due to the high deposition temperature. As a ref- 
erence, an STO substrate was covered with a 5 STO-layer 
cap [sample (D)]. For the thin films grown on the STO 
substrates. X-ray reciprocal space mapping and conven- 
tional 9/26 diffraction scans were used for characterizing 
the samples, namely, the lattice constants, crystallinity, 
and grain orientation of the films were characterized. 
The surface morphology was checked by atomic force mi- 
croscopy (AFM). The resistivity of the STO/LTO super- 
lattices was about 300 fj,fl-cm at room temperature and 
shows a T^-dependence Q- From Hall-effect measure- 
ments, the carrier density was estimated to be about 10^^ 
cm"'^. Those transp ort p roperties are similar to those of 
LSTO bulk crystals [ij. Details of the fabrication and 
characterization of the films are described elsewhere p . 

Ultraviolet PES (UPS) measurements were performed 
using a monochromated He I line {hi/ = 21.2 eV) and a 
Scienta SES-100 electron-energy analyzer. Samples were 
transferred from the PLD chamber to the spectrometer 
chamber through air and no surface treatment was made 
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FIG. 2: (Color online) UPS spectra of samples (A)-(D). (a): 
Valence-band spectra over a wide energy range, (b): Near 
Fermi-level spectra after background subtraction (see text). 



prior to the PES measurements. The total energy res- 
olution was set to about 20 meV. Resonant PES mea- 
surements in the soft x-ray region were performed at BL- 
2C of Photon Factory (PF), High Energy Accelerators 
Research Organization (KEK). The PES spectra were 
measured using a Scienta SES-100 analyzer. The total 
energy resolution was set to about 150 meV. All the PES 
measurements were made at room temperature. The Ep 
position was calibrated using gold spectra. 

The valence-band UPS spectra are shown in Fig. |21 
The broad, strong feature from —9 to —4 eV [Fig. |2 (a)] 
is formed by bands of primarily O 2p character. The 
spectra show a wide gap of about ^ 3 eV, consistent 
with the optical band gap of STO [ij. Within the gap, 
weak emission was observed for all the samples. STO 
[sample (D)] showed the weakest emission at ^ — 1 eV, 
which may be due to a small amount of oxygen defects 
or due to surface contaminations and may commonly ex- 
ist in the spectra of the other samples since the outer- 
most layer was STO grown at 500° C in every sample. 
Therefore, we have subtracted spectrum (D) from the 
other spectra, resulting in Fig. [S] (b) plotted on an en- 
larged scale. Here, the steeply rising background due to 
the tale of the O 2p band approximated by the tail of 
a Gaussian has also been subtracted. A Fermi cut-off 
appeared for all the STO/LTO superlattices, which may 
be consistent with the theoretical prediction of the "elec- 
tronic reconstruction" between the Mott insulator and 
the band insulator ^ i2i] . The coherent peak at Ep was 
most clearly seen for the STO/LTO superlattice annealed 
at 1GGG°C [sample (A)], which can be considered as an 
STO-capped Lai_j;Srj;Ti03 film because of the La/Sr 
atomic interdiffusion at 1000°C (Fig. JTl) . In the previous 
photoemission studies of LSTO [ij, uM > ^^^ incoherent 
part was clearly observed even in the high hole concen- 
tration limit of X > 0.8, where the correlation strength 
is thought to be negligible, and was suspected to be due 
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FIG. 3: (Color online) Ti 2p -^ 3d resonant PES spectra 
taken at 466 eV. For comparison, off-resonant PES spectra 
taken at 600 eV are also shown. 
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FIG. 4: (Color online) DMFT calculation for STO-capped 
STO/LTO superlattices. (a): Model for the calculation. The 
number of STO-cap layers (denoted by nov.t) and the ratio of 
La/Sr mixing are varied, (b): Simulated PES spectra taking 
into account the effect of finite photoelectron mean-free path 
of three unit cells corresponding to the resonant PES. For 
nov.t = 2 and 3, the effect of 40% La atom diffusion is shown 
as broken curves. 



to surface states. The weakness of the incoherent part 
in the present data looks more reasonable if the La/Sr 
intermixing indeed took place. Therefore, we consider 
that the STO cap could successfully eliminate the sur- 
face states around —1.3 eV [13, which overlapped the 
spectra of LSTO in the previous studies [13, llJI- Ac- 
cordingly, we consider that the strong incoherent peaks 
seen for samples (B) and (C) are largely intrinsic and not 
due to surface states. 

In order to extract the spectra derived from the Ti 3d 
states more precisely, we performed Ti 2p — > "id resonant 
PES, as shown in Fig. |31 Because the emission within 
the band gap of STO was enhanced, these structures 
can be unambiguously attributed to Ti 3d states |l6|. 
The incoherent part became weaker in the resonant PES 
spectra than in the UPS spectra probably because there 
is stronger O 2p hybridization into the incoherent part 
than into the coherent part due to the proximity of the 
O 2p band. Nevertheless, both the UPS and resonant 
PES spectra showed similar spectral change depending 
on the number of top STO layers or on the growth tem- 
perature. 

Now, we discuss the STO-cap thickness dependence in 
the spectra of the abrupt STO/LTO interfaces [sample 
(B) and (C)]. The intensity ratio of the coherent part to 
the incoherent part was larger for (C) than for (B). This 
difference may be explained by the spatial extent of the 
Ti 3(i electrons in the interfacial region. According to 
the DMFT calculation by Okamoto and Millis 7], the 
intensity ratio varies with distance from the STO/LTO 
interface, that is, in going away from the interface into 
the STO side, the coherent part becomes stronger. Be- 
cause we have measured the PES spectra from the top 
layers of the samples as shown in Fig. ^ the signals from 
the topmost layer is predominant due to the short photo- 
electron mean-free path. Therefore, the layer-dependent 
coherent-to-incoherent intensity ratio explains why the 



coherent part became stronger in going from sample (B) 
to sample (C). 

For more quantitative analysis, spectral functions have 
been calculated by DMFT for heterostructure models 
which represent the present experimental configurations. 
We adjusted the interaction \J to reproduce correctly the 
energy position of the incoherent part. We compare the 
data to spectral functions calculated by DMFT for the 
heterostructures shown in Fig. ^ (a) using the model of 
Ref. [3 which represent the present experimental config- 
uration. Note that the results of theoretical calculation 
practically do not change whether the "neutral layer" ex- 
ists or not. We denote by Uout the number of Ti02 layers 
outside the LaO regime. We have used a generalized it- 
eration perturbation theory method [13I in order to solve 
the coupled impurity problem self-consistently. This 
method is found to give single-particle spectral functions 
which show better agreement with quantum Monte-Carlo 
results than the ones calculated using two-site DMFT. 
Details of the calculation are described in Ref. J^ . 

First, we varied the number of STO-cap layers. In 
comparison with Fig. ^ riout — 2 and 3 corresponds to 
samples (B) and (C), respectively. Because of the fi- 
nite photocmission mean-free path, PES should include 
contributions only from a few layers from the surface. 
To simulate this effect, we computed the PES spectra 
summing the contributions from the inner layers to be 
proportional to the exponential factor e"'"''*', where r is 
the distance from the surface and A is the photoelectron 
mean-free path. Here, we have assumed that the photo- 
electron mean-free path A for the resonant PES experi- 
ment is three unit cells. Resulting PES spectra are shown 
in Fig. 21 (b). With the increase of Uouti the incoherent 
part decreases while the coherent part increases. 

Although the simulated spectra reproduce the quali- 



tative behavior found in the experiment, the coherent- 
to-incoherent intensity ratio is quahtatively different be- 
tween the calculation and the experiment. For example, 
the theoretical results in Fig. 0] (b) show about twice 
larger weight in the coherent part than the experimen- 
tal results in Fig. 13 The large coherent weight is found 
in the calculations because the computed charge densi- 
ties in the STO layers are less than 0.5, and for these 
charge densities, correlation effects are weak. It is pos- 
sible that an extra surface potential not included in the 
model due for example to changes in Madelung energies 
and local chemistry at the Ti02 termination layer con- 
fines the electrons more strongly within the LTO layers 
in the real interfaces. 

Next, we analyze the spectra for samples (A) and (C). 
The structure was the same for (A) and (C), however, 
the growth temperature was different. For sample (A) 
which was grown at 1000°C, interdiffusion of the La and 
Sr atoms may have occurred. Therefore, the difference 
between (A) and (C) may be understood as the interdif- 
fusion of the La and Sr atoms in sample (A) . Again, we 
did DMFT calculation for the model including the atomic 
diffusion of La and Sr atoms [Fig. 2|(a)]. The simulation 
of the PES spectra shown in Fig. ^ (b) indicate that as 
the La and Sr atoms are intermixed, the intensity of the 
incoherent part decreases while that of the coherent part 
increases. This tendency is consistent with the experi- 
mental spectra (A) and (C) shown in Fig. |3| Here, the 
physics is an increased spreading of charges away from 
the LTO layer. 

According to the phase diagram proposed in Ref. Q, 
the STO /LTO interface may show ferromagnetism when 
U is large. Although we cannot obtain the magnetic 
information directly from the PES spectra, ferromag- 



netism may exist in STO/LTO superlattices. Experi- 
ments which can probe magnetism directly, such as x-ray 
magnetic circular dichroism measurements, are needed to 
investigate the magnetic behavior of the STO/LTO su- 
perlattices. As an extension of this work, it would be in- 
teresting to investigate the electronic structures of other 
superlattices, such as LaAlOa/STO, which was found to 
be insulating or conducting depending on the termina- 
tion layer jT^. 

In conclusion, we have studied the electronic structure 
of STO/LTO interfaces using PES. STO-capping success- 
fully eliminated the surface effects and we could observe 
the electronic structures of the STO/LTO interfaces. We 
observed a metallic Fermi edge, indicating the formation 
of a metallic interface between the Mott insulator LTO 
and the band insulator STO. The spatial extent of the Ti 
3d electrons plays an important role in explaining the dif- 
ferent spectral features near Ep depending on the STO 
cap layer thickness. 
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